It has previously been shown that hypoglyce mic coma is accompanied by marked energy failure and by loss of cellular ionic homeostasis. The general pro posal is that shortage of carbohydrate substrate prevents lactic acid formation and thereby acidosis during hypo glycemic coma. The objective of the present study was to explore whether rapid downhill ion fluxes, known to oc cur during coma, are accompanied by changes in extra and/or intracellular pH (pHe and/or pHi), and how these relate to the de-and repolarization of cellular membranes. Cortical pHe was recorded by microelectrodes in insulin injected rats subjected to 30 min of hypoglycemic coma, with cellular membrane depolarization. Some rats were allowed up to 180 min of recovery after glucose infusion and membrane repolarization. Arterial blood gases and physiological parameters were monitored to maintain normotension, normoxia, normocapnia, and normal plasma pH. Following depolarization during hypoglyce mia, a prompt, rapidly reversible alkaline pHe shift of about 0. 1 units was observed in 37/43 rats. Immediately thereafter, all rats showed an acid pH shift of about 0. 2 units. This shift developed during the first minute, and pHe remained at that level until repolarization was in duced. Following repolarization, there was an additional, Severe hypoxia/ischemia is accompanied by brain extra-and intracellular acidosis, which prob ably contributes to cerebral cell damage (Myers, 1979; Rehncrona et al., 1980; Welsh et al., 1980) . Cerebral cell damage also appears after severe hy poglycemia but, in this condition, intracellular aci-
rapid, further lowering of pHe by about 0.05 units, fol lowed by a more prolonged decrease in pHe that was maximal at 90 min of recovery (o:lpHe of approximately -0.4 units). The pHe then slowly normalized but was still decreased ( -0. 18 pH units) after 180 min when the ex periment was terminated. The calculated pHi showed no major alterations during hypoglycemic coma or after membrane repolarization following glucose administra tion. The results demonstrate that hypoglycemic coma is accompanied by a decrease in pHe of almost the same magnitude as observed in status epilepticus, and that a lingering extracellular acidosis is observed during recov ery from hypoglycemia. It is proposed that, at least in part, the initial extracellular alkaline/acid shift is caused by H + influx or HC03 -outflux (alkaline shift) followed by H + efflux or HC03 -influx (acid shift) through con ductance channels that are opened during depolarization.
The alkaline shift appears before the depolarization has occurred and the acid shift after the depolarization, when mainly the chemical gradient provides the driving force. It is speculated that N a + /H + exchange contributes to the further extracellular acidification seen during repolariza tion. Key Words: Hypoglycemia-Depolarization Repolarization-pHe-pHi-Rats.
dosis is mild or absent (Lewis et al., 1974; Feise et al., 1976; Cilluffo et al., 1981 Cilluffo et al., , 1982 Pelligrino et aI., 1981; Behar et al., 1985) . Possibly , this is because, during hypoglycemia, H + formation due to ATP hy drolysis and release of free fatty acids is compen sated by consumption of H + when anions of or ganic acids, like lactate, are oxidized.
While the reports on intracellular pH (pHi) are relatively consistent, those on extracellular pH (pHe) in severe hypoglycemia are discordant. Anal yses of cerebrospinal fluid (CSF) and pHe record ings made during experimental, severe hypoglyce mia either demonstrate unchanged pHe (Marshall et al., 1939; Lewis et al., 1974; Astrup et al., 1978) , slightly elevated pHe (Pelligrino et aI., 1981) , or pHe lowering (Leniger-Follert and Gronczewski, 1982; Mutch and Hansen, 1985) compared with normogly cemia. Further information on brain pH, especially pHe' in hypoglycemic coma and recovery is there fore needed.
The main objective of the present study was to assess brain pHe alterations at the onset of hypo glycemic coma, with massive depolarization of membranes, and when restitution is induced by glu cose administration. The following specific ques tions were asked: (a) How is pHe altered during membrane de-and repolarization? (b) Are there any sustained changes in pHe during the 30 min of coma and during the first 3 h of recovery following glu cose infusion? (c) If sustained pHe changes occur, how can they be explained, and how do they relate to changes in pHi?
Brain pHe was recorded continuously by micro electrodes inserted into the neocortex of insulin injected rats before depolarization, during 30 min of coma, and up to 180 min of recovery following glu cose administration. During the whole experiment EEG was continuously registered. The experimen tal setting made it possible to keep paralyzed rats normoxic, normocapnic, and normotensive by monitoring plasma pH, Pa02, PaC02, and arterial blood pressure. The cortical total CO2 (TC02) con tent and lactic acid concentration were measured after freezing brains in situ of some animals just before and after repolarization.
MATERIALS AND METHODS

Operative procedures
Male Wistar rats (SPF strain, 300-400 g, M�llegaard Breeding Center, Copenhagen, Denmark) were starved overnight with access to tap water ad libitum. Thirty min utes before anesthesia, they were injected intraperito neally with insulin 4 I. U .lkg of body weight (Actrapid, Novo Industri NS, Basvaerd, Denmark). Halothane (ISC Chemicals Ltd., Bristol, U.K.) was used for induction of anesthesia (3%) and during operation (1%) in a 1:3 mix ture of 02:N20. The halothane was discontinued after operation, approximately I h before membrane depolar ization occurred. The rats were tracheotomized and arti ficially ventilated so as to give a PaC02 of 35-40 mm Hg and, by the adequate mixture of 02:N20, an arterial P02 of around 100 mm Hg. Catheters were introduced into the femoral artery (blood-pressure monitoring, and P02, PC02, pH, and blood glucose measurements), femoral vein (drug administration), and jugular vein (blood pres sure control by withdrawal or injection of blood through a fixed syringe attached to the catheter). The rats were heparinized (heparin 180 I.U.lkg of body weight) and par alyzed with d-tubocurarine (0.5 mg/kg of body weight). Access to the brain surface for the pH microelectrode was given through a circular frontoparietal craniotomy with a diameter of 3 mm. The rats were placed in a Fara-day cage measuring 0.6 x 0.7 x 1.1 m on a plastic table before the introduction of the microelectrode (see below). The dura was excised and the cortical surface covered with mock CSF, warmed to 37°C, and equilibrated with 5% CO2 and 95% 02' Atropine (2 mg/kg of body weight) was administered to avoid bradycardia during hypoglyce mic coma. EEG was continuously recorded by bipolar needle electrodes inserted into the skin of the parietal regions. The rats were maintained at a rectal temperature of about 37°C by periodic use of a distant (>0.5 m) heat ing lamp.
Control animals were injected with insulin and given a continuous glucose infusion (250 mg/ml). Plasma glucose levels were monitored by repeated measurements to en able adjustment of the infusion rate (rates of 1-2 mllh gave plasma glucose values of 6-10 f,Lmollml). In coma tose animals, recovery was induced by the administration of a bolus dose of glucose (0.5 ml, 500 mg/ml), followed by a continuous glucose infusion of a 250 mg/ml of glu cose solution. The infusion rate was adjusted so as to give plasma glucose values of 6-10 f,Lmollml.
Experimental design
After insulin was given, the pRe was constantly re corded, i.e., during the development of hypoglycemia, during hypoglycemic coma (in the following defined as membrane depolarization; registered as a DC-potential shift between the neocortical electrode and an extracra nially located electrode), and during repolarization and recovery (initiated by glucose infusion and accompanied by a reversal of the DC-potential shift between neocortex and the extracranial site). Control rats were kept normo glycemic for an equivalent period of time from operation to killing (in these, pHe was recorded for 270 min). Cor tical brain tissue was sampled in control rats, rats with 30 min of hypoglycemic coma, as well as those allowed re covery periods of 2, 5, and 15 min. In these rats, a plastic funnel was fitted over the skull and the brain was frozen in situ with liquid nitrogen according to Ponten et al. (1973) .
Recording of brain pHe
Double-barreled microelectrodes with an outer tip di ameter of 2-4 f,Lm were constructed from a glass micro pipette as described by Mutch and Hansen (1984) . The inner surface of the pH-active barrel was pretreated with (CH3hSiCI2. The reference barrel was filled with 150 mM KCl, and the electrode tip was beveled until the imped ance of the reference decreased to about 15 MO. The pH barrel was backfilled with a small amount of H + ion ex changer (tridodecylamine; see Ammann et al., 1981) , and the rest of the barrel was filled with Tris-HCI buffer (50 mM, pH 7.0). The electrode was connected to high im pedance (about 101 4 0) electrometers (Analog Devices, model 311 K) via Ag/AgCl leads. The electrode was cal ibrated immediately before and after the experiment in a series of phosphate buffers (pH 6.0()... .g .00 at 37°C; pH meter 26, Radiometer, Copenhagen, Denmark). A mV vs. pH plot demonstrated the electrode slope to be 54.8 ± 3.5 mY/pH (mean ± SD, n = 58). The drift during the ex periment was in all cases found to be linear, and always in the acidic direction (2.3 ± 1.4 mY, mean ± SD between 85 and 270 min, n = 58). The microelectrode was intro duced into the cortex and advanced 500 ± 20 f,Lm by means of a micromanipulator. A ground electrode of Ag/ AgCl in 2% agar and 150 mM KCl was inserted into the neck musculature.
Cortical brain analyses
Brains frozen in situ with liquid nitrogen were chiseled out at this temperature and stored at -80°C for subse quent chemical analyses. Cortical tissue was cut out and extracted at -22°C. TCOz was measured with a Conway microdiffusion method according to Ponten and Siesjo (1964) . Lactic acid was measured with enzymatic fluoro metric technique (Lowry and Passonneau, 1972) in meth anol-HCI-HCI0 4 extracts prepared as described by Fol bergrova et al. (1972) .
Plasma measurements
Plasma glucose was determined with a Beckman Glu cose Analyzer 2. Since this method has a limited accuracy at low plasma glucose levels, frozen arterial blood sam ples taken at the same time were later analyzed with flu orometric-enzymatic techniques (see Lowry and Passon neau, 1972) .
Arterial blood gases (POz, PCOz) and pH were mea sured with microelectrodes (POz and PCOz, Eschweiler Co., Kiel, F.R.G.; and pH, Radiometer, Copenhagen, Denmark).
Calculation of pHj
Calculation of pHj was performed by using the COz method (HC03 -IHzC03 buffer system) as previously de scribed (Siesjo et ai., 1972) . For control animals, the mean tissue CO2 tension (PtCOz) was assumed to be equal to the arterial CO2 tension plus 6 mm Hg (Ponten and Siesjo, 1966) . The normal tissue water was assumed to be 79% of the tissue weight, the blood volume 3%, the extracellular volume 18%, and, accordingly, the intracel-0,1 -0,0 f""I II=-t": :.
lular volume 58% (see von Hanwehr et ai., 1986) . How ever, since the cerebral blood flow has been reported to increase during hypoglycemic coma and since the extra cellular volume is reduced to 45% of control (Pelligrino et ai., 1981) , the PtCOz in coma was calculated as arterial CO2 tension plus 4 mm Hg and the extracellular volume was assumed to be 8% (Pelligrino et ai., 1981) .
Statistics
Mean values ± SEM for the pHe recordings are dis played together with the confidence interval representing p < 0.05 (Fig. 1) . The other data were subjected to one way analysis of variance. The significance levels were preset to p < 0.05, p < 0.01, and p < 0.001 for differences between groups. When significance was reached, the Neuman-Keuls test was used to determine which groups differed.
RESULTS
Brain pHe
The behavior of pHe in controls vs. hypoglyce mic-recovering rats relative to the preset zero level when the recording started is demonstrated in Fig.  1 . The two curves in Fig. 1 represent the estimated mean value continuum during the experiment for controls and hypoglycemic-recovering rats. For hy poglycemic-recovering rats, 23 time points for mean values were selected so as to be more close in time around the de-and repolarizing events (see Fig. 1 ). Individual recordings are shown in Fig tently found to be slightly lower than previously reported (cf. Mutch and Hansen, 1984; Kraig et al., 1985) , despite the presence of normal blood gases in the actual study. In accord with the discussion of Vaughan-Jones and Kaila (1986) , this discrepancy was considered as a pH-microelectrode artifact re sulting from temperature differences along the ex change column. However, although the absolute potential is temperature-dependent, the sensitivity of the pH microelectrode (i. e. , mV/pH) is unaf fected at ambient temperature, and thereby the pre sented LlpHe values are correct. In control animals, extracellular pH was stable during the 270 min period of recording (0.013 ± 0.034 pH units, mean ± SD; Fig. 1 ). The pHe be-havior in hypoglycemic-recovering rats is best pre sented as (a) depolarization, (b) repeated depolar izations, and (c) repolarization.
Depolarization
In rats made hypoglycemic, pHe was unaltered before depolarization. Following depolarization, a rapid, and fully reversible, alkaline shift was ob served in 37 of 43 rats. The duration of this shift was 5-30 s. A typical recording demonstrating the rapid alkaline shift following depolarization is shown in Fig. 2A . The mean alkaline shift slightly exceeded 0. 1 pH units (0. 12 ± 0. 04, mean ± SD; range of 0.05-0.21).
The rapid, reversible alkaline shift was followed by a sustained acid shift, with pHe decreasing by about 0. 15 pH units below the baseline. A typical recording of the acid shift following depolarization is demonstrated in Fig. 2A . The overall lowest pHe value during the depolarized state was found to be 0.21 ± 0.07 pH units (mean ± SD) below the base line level, and usually observed within the first minute after the depolarization although the varia tion was wide (1.7 ± 2.7 min, mean ± SD; range of 0. 01-15 min).
Repeated depolarizations
In 19 of 43 hypoglycemic rats, repeated depolar izations occurred, most frequently observed as one additional depolarization (16/19 rats), but up to five additional de polarizations were noted. We defined the depolarized state from the occurrence of the first depolarization since, when present, the addi tional depolarizations were brief events and the EEG remained isoelectric (see below). All addi tional depolarizations were accompanied by a rapid acidic pHe shift; however, serial depolarizations did not lower the pHe in a stepwise order (see Fig. 2B ; note the difference in time scale).
Repolarization
The repolarization was shown to be accompanied by an additional, relatively rapid lowering of pHe (Fig. 1) . A typical example of a pHe alteration dur ing repolarization is demonstrated in Fig. 2e . Fol lowing the relatively rapid first pHe lowering at re polarization, there was a prolonged and more pro found extracellular space acidification during at least 90 min (Fig. 1) . The pHe lowering was most pronounced about 90 min after glucose administra tion and repolarization, with pHe falling more than -0.4 units from the zero level (range of -0.230 to -0.710 pH units). In the period 90--180 min after depolarization, the pHe slowly returned towards normal (Fig. 1) .
EEG
EEG silence most frequently (38/43 rats) ensued in parallel with the depolarized state, and then re mained isoelectric. In all cases, glucose infusion promptly resulted in membrane repolarization. The repolarization was followed by detectable EEG ac tivity within the first 5 min, but occasionally the EEG was flat until up to 15 min postrepolarization. Once EEG activity had returned, it persisted until the experiment was terminated, although the EEG activity did not return to the pattern observed be fore depolarization.
Physiological and plasma measurements
The rats were normoxic (Pa02 of 107 ± 8.9 mm Hg, mean ± SD, n = 58), normocapnic (PaC02 of 36.5 ± 4. 0 mm Hg), without any plasma acid-base disturbance (pH 7.31 ± 0.07), and normotensive (MABP of 112 ± 16 mm Hg). There were no differ ences in these parameters between control rats and rats in hypoglycemic coma or recovering rats. Plasma glucose values for controls and recovering rats were 10.6 ± 2.1 /-Lmol/g (n = 15) and 10.4 ± 4. 2 /-Lmol/g (n = 28), respectively (means ± SD). All hypoglycemic rats in coma had plasma glucose lev els below 1. 0 /-Lmol/g (n = 15).
Cortical brain analyses
The cortical TC02 was not altered during hypo glycemic coma or recovery compared with con trols. The control, 30 min of coma, and 2, 5, and 15 min recovery values were (means ± SD, /-Lmol/g) 12.2 ± 0.74 (n = 11), 11.2 ± 1. 1 (n = 6), 11.3 ± 0.63 (n = 4), 11.1 ± 1.3 (n = 4), and 13.4 ± 2. 3 (n = 6), respectively. The individual TC02 values were used in the calculation of pHi (see below).
The cortical lactate values were (means ± SD, /-Lmol/g) as follows: in controls, 1.59 ± 0.20 (n = 8); after 30 min of coma, 0. 51 ± 0. 17 (n = 7); after 2 min of recovery, 2.88 ± 0. 45 (n = 5); after 5 min of recovery, 2.66 ± 0.60 (n = 4); and after 15 min of recovery, 3.04 ± 0.99 (n = 6). The lactate levels were significantly different from controls in all ex perimental groups (p < 0.001). Thus, after 30 min of coma, cortical lactate fell by around 1 /-Lmol/g, and the lactic acid concentration in the early recovery period (2-15 min after repolarization) was approxi mately 2-2.5 /-Lmol higher per gram of tissue (wet weight) than before the repolarization.
Brain pHi
The calculated cortical pHi values (means ± SD) were as follows: in controls, 7. 05 ± 0. 06 (n = 11); after 30 min of coma, 7.10 ± 0. 04 (n = 6); after 2 min of recovery, 7.02 ± 0. 02 (n = 4); after 5 min of J Cereb Blood Flow Me/ab, Vol. 10, No.2, 1990 recovery, 7.08 ± 0. 10 (n = 4); and after 15 min of recovery, 7. 22 ± 0. 10 (n = 6). There was no statis tically significant difference between the groups. Thus, with the assumption of normal pHe = 7.31 (see below), the control rats had a pHi close to 7. Mter 30 min of coma, and in the early recovery period, this value remained fairly constant. In fact, if anything, a slight pHi rise was observed 15 min after repolarization.
DISCUSSION
The present experiments have shown that hypo glycemic coma is accompanied by a decrease in pHe of almost the same magnitude as that seen in status epileptic us (Siesjo et al., 1985) , and that a prolonged and even more pronounced extracellular acidosis is observed during the first hours of recovery from 30 min of hypoglycemic coma. Changes in pHe in the present study do not reflect alterations in pHi' nor do they mirror alterations in plasma pH since these were essentially unchanged at a time when pHe fell.
In the following, we will discuss previous reports on pHe in hypoglycemia, attempt correlating changes in pHe with ionic shifts and metabolic changes in the brain during hypoglycemic depolar ization, and present a tentative explanation for why pHe changes at an unaltered pHi'
Changes in pHe and pHi during hypoglycemia
As mentioned in the introduction, results on pHe changes during hypoglycemia have been variable. Previous electrode measurements may have utilized electrodes that were too large to detect minor changes in pHe. It is also questionable if measure ments on cisternal CSF accurately reflect changes in interstitial fluid. Unfortunately, the information available obtained with more modern techniques has been reported in abstract form only (Leniger Follert and Gronczewski, 1982; Mutch and Hansen, 1985) .
In the present series, in which pHe was measured with ion-sensitive microelectrodes, a large number of animals were studied with tight control of phys iological variables. Although there was some vari ability in response, most hypoglycemic animals ex hibited a rapid, small increase in pHe at the time of membrane depolarization, since this is reflected in the appearance of a negative DC-potential shift. This reversible alkaline shift was followed by an acid shift of about 0.2 units. During repolarization following glucose infusion, the pHe fell further, with /lpHe values reaching below -0.4 units after about 90 min. Obviously, we have to explain why pHe changes in the alkaline/acid direction during hypo glycemia, and falls further during recovery, al though intracellular and plasma pH remain essen tially unaltered.
Correlation with electrical, metabolic, and ionic events during hypoglycemic depolarization Loss of spontaneous electrical activity during hy poglycemia ("isoelectricity") usually heralds dra matic membrane events encompassing the develop ment of a DC-potential shift between cortex and an extracranial site, and rapid downhill fluxes of K + and Ca 2 + (Astrup and Norberg, 1976; Pelligrino et aI. , 1982; Harris et aI., 1984) . As argued elsewhere (Siesj6 and Deshpande, 1987) , there is probably also a corresponding influx of Na + and CI-, with osmotically obliged water, since ECF volume de creases to about 50% of control (Pelligrino et aI., 198 1) . Very likely, this cascade of events, which may be initiated locally as a spreading depression like depolarization (Astrup and Norberg, 1976; Pel ligrino et aI. , 198 1; Harris et aI., 1984) , is elicited by energy failure (Wieloch et aI. , 1984) . For this discussion, it is important to recall that hypoglycemic coma is accompanied by presynaptic release of glutamate and related excitatory amino acids, and activation of the kainate/quisqualate (K/ Q) and the N-methyl-D-aspartate (NMDA) type of receptors (Wieloch et aI., 1985; Sandberg et aI., 1986; Westerberg et aI., 1988) . These receptors gate channels that are indiscriminately permeable to monovalent cations (K/Q receptors), or to monova lent cations plus calcium (NMDA receptors) (for literature, see, for example, Siesj6 et aI., 1989) . It has been suggested that K/Q-and NMDA-gated cation channels allow H + to equilibrate across the membranes (Siesj6, 1988) . Activation of CI-channels, e. g., by an increase in intracellular calcium concentration (Marty, 1987) or by GAB A release (Kaila and Voipio, 1988) , could provide a corresponding conductance mechanism for HC03 -• As a result, all physiological ions move down their electrochemical gradients. The conduc tance mechanisms activated by agonist-receptor in teraction may provide an explanation for the fluxes of H + and/or HC03 -during hypoglycemic coma. Thus, whereas the chemical gradients normally fa vor efflux of H + and influx of H C03 -, the electrical gradients favor fluxes in the opposite directions. If the transmembrane Na + gradient is collapsed, the active H + extrusion by N a + /H + exchange is halted (Roos and Boron, 198 1; Grinstein and Rothstein, 1986) , and H + and HC03 -will equilibrate across the membranes, the actual fluxes being determined by two factors: the electrochemical gradients and the ion channels available. One may then envisage that when the receptors are activated at no or only moderate depolarization, the electrochemical gradi ents favor H + influx/HC03 -efflux, explaining the initial increase in pHe. As proposed elsewhere (Siesj6, 1988; , this mechanism may also explain why the continuous acidification of ECF during anoxia/ischemia is in terrupted by a transient alkaline shift when a DC potential shift appears, and ions rapidly move down their electrochemical gradients (see Kraig et aI., 1983 Kraig et aI., , 1985 Mutch and Hansen, 1984) . When, on the other hand, the membrane potential has collapsed, leaving only the chemical gradients to propel H + and HC03 -across the membranes, the expected result in hypoglycemia is acidification of extracel lular fluids. In other words, one may view both the initial alkalinization and the subsequent acidifica tion of ECF as reflecting H + /HC03 -equilibration across membranes that initially maintain and sub sequently lose their membrane potentials, but which all of the time have high membrane conduc tances for these ions.
We therefore suggest that changes in pHe during hypoglycemic coma are due to the activation of conductance mechanisms for H + /HC03 -, and to partial equilibration of these ions across neuronal cell membranes. We wish to emphasize, though, that other possible explanations exist, particularly for the extracellular acidosis during coma. Thus, evidence has been presented that whenever extra cellular K + increases, glial cells take up a cation plus HC03 -, a process that leads to intraglial alka losis and to extracellular acidosis (Chesler and Kraig, 1987) . If this mechanism comes into play in hypoglycemic coma, it could, at least in part, ex plain the lowering of pHe. Nothing is known about compartmentation of pHi during hypoglycemic coma, though, nor do we know if the residual ATP stores during coma are mainly confined to the glial compartment. It seems highly justified that these issues are further explored.
Recovery events
At least part of the initial acidification may have been caused by the increase in tissue lactate con tent, which rose by about 2-2.5 j..L mollg of cortical tissue at 2, 5, and 15 min of recovery compared to levels during coma immediately before repolariza tion. If one assumes that this lactate distributes ho mogenously in intra-and extracellular fluids, and that it reaches ECF by nonionic diffusion, it should reduce ECF [HC03 -] by 2-2.5j..L mollml and pHe (assuming a prerepolarization value of 7. 1) by only 0.07--0.08 units. Clearly, production of this amount of lactate cannot solely explain the ECF acidosis, especially since pHe fell continuously at constant tissue lactate content (see also Agardh et aI. , 1978) .
It appears very likely that the extra ECF H + de rives from the ICF, and results from enhanced Na + IH + exchange, i.e., from active extrusion of H+. The Na + /H+ exchanger is not only stimulated by low pHi' but also by various agonists that either stimulate the receptor coupled to phospholipase C or, more directly, the C-kinase, which serves as an activator of the Na + IH + antiporter (see Berridge, 1984; Grinstein and Rothstein, 1986) . In view of the massive release of neurotransmitters, it seems un avoidable that phospholipase C and C-kinase are activated. It does not seem unreasonable to suggest that this activation displays hysteresis, i. e. , that ex trusion of H + continues for a few hours although pHi is not reduced. However, this is a speculative deduction that requires experimental verification.
